Although accumulating evidence indicates that the lymph follicle is a reactive structure which develops in the lymphoid organ in response to antigenic stimuli and which fades away when the magnitude of the stimulus decreases (SJovALL and SJovALL,1930; CONWAY, 1937; SAINTE-MARIE and SIN, 1970; HosHI et al., 1985) , the character of the stimuli effective to induce follicle formation is not clearly defined. Our previous study (HOSHI et al., 1984) has shown that when locally injected, phytohemagglutinin (PHA) induces germinal centers in almost every existing follicles in the draining node but eventually fails to stimulate the formation of new lymph follicles, whereas bacterial lipopolysaccharide (LPS) not only induces germinal centers in existing follicles but also produces new primary follicles, which soon develop germinal centers. These observations suggest that the antigenic materials capable of inducing germinal centers do not have an equal capacity to stimulate the formation of new follicles. An increase in the number of germinal centers in the lymphoid organs after treatment with antigenic substances has been frequently reported, but surprisingly enough, there have been relatively few observations concerning the formation of new lymph follicles. Little information is available as to what type of antigens is effective in inducing new lymph follicles. The present study was therefore undertaken in an attempt to yield information on this problem.
The present report describes changes in the number of lymph follicles and germinal centers as well as the histological alterations in draining popliteal lymph nodes of the mouse produced by the localized injection of test substances including thymusdependent and thymus-independent antigens.
MATERIALS AND METHODS

Animals
Male C57B1/6 mice aged 8-10 weeks, were used in this study. They were allowed free access to food and water.
Su bstances tested
In two series of experiments performed in this study, groups of mice were injected in the left rear footpad with 40 ~cl of the test substance. The substances used in the first series of experiments were as follows: 1) fluid tetanus toxoid (Denka Biochem. Co., Tokyo), 2-10 Lf ; 2) keyhole limpet hemocyanin (KLH, Calbiochem-Behring Co.), 10-100 pg; 3) polyvinyl-pyrrolidone (PVP, molecular weight 500,000, Nakarai Biochem. Co., Kyoto), 10-100 ~Cg; 4) levan (from Aerobacter levanicum, Sigma), 10-100 pg; 5) f erritin (from horse spleen, Sigma), 10-100 ~Cg; 6) human gamma globulin (HGG, Cohn Fraction II, Sigma), 10-100 fig; 7) fluid diphtheria toxoid (Denka Biochem. Co.), 2-10 Lf ; 8) sheep erythrocytes (SRBC), 2 x 107-1 x 108; 9) mouse gamma globulin (MGG, Cappel),100 pg;10) fluid influenza HA vaccine (Denka Biochem. Co.), 35 CCA; 11) pertussis organisms (formalin-killed Bordetella pertussis organisms, made up as a suspension of 1 x 1011 organisms/ml in merthiolate saline, donated by Denka Biochem. Co.), 5 x 108.
HGG, diphtheria toxoid and SRBC are known to be thymus-dependent antigens, whereas PVP, levan, tetanus toxoid, KLH and f erritin belong to the thymus-independent antigens.
The test substances listed above were dissolved or subspended in saline before use.
The substances tested in the second series of experiments were: l) heat-aggregated HGG, 2) PHA insolubilized with glutaraldehyde (PHA-glutaraldehyde), 3) alumprecipitated HGG, 4) alum-precipitated PHA, 5) alum-precipitated diphtheria toxoid, 6) alum-precipitated tetanus toxoid, 7) alum-precipitated levan, 8) alumina with no additional antigen, as a control for 3)-7), 9) "Sepharose"-HGG, 10) "Sepharose"-PHA and 11) "Sepharose" beads with no additional antigen as a control for 9) and 10).
Heat-aggregated HGG was prepared by warming HGG dissolved in saline at 70°C for 5 min, leaving it to stand overnight and washing twice by centrifugation.
The preparation contained 900 of the original protein, as indicated by amino-acid analysis of its acid hydrolysates.
PHA (phytohemagglutinin-P, Difco) was insolubilized with glutaraldehyde and homogenized in a Potter homogenizer (AVRAMEAS and TERNYNCx,1969) . Absorption of antigens onto gelatinous alumina was done according to the method of PROOM (1943) . The preparations of precipitated HGG and PHA were washed twice and resuspended in saline. Each of these preparations contained 800 of the original protein. The preparations of precipitated toxoids and levan were used without washing. The amount of alumina contained in a 40 tc1 volume of each precipitated antigen roughly corresponded to that prepared from 500 pg of potassium alum.
PHA and HGG were coupled to "Sepharose" beads (Sepharose 4B, Pharmacia) according to the method described by CUATREcASAS et al. (1968) and GREAVES and BAUMINGER (1972) . The degree of coupling of proteins to beads, as determined by amino-acid analysis of their acid hydrolysates, was 400 of the PHA added and 35% of HGG.
The preparations of insoluble HGG (heat-aggregated HGG, alum-precipitated HGG, "Sepharose" -HGG) were each suspended in saline so that each mouse received 100 pg of HGG. Each of the preparations of insoluble PHA (PHA-glutaraldehyde, alumprecipitated PHA, "Sepharose"-PHA) was adjusted with saline so that the amount of the PHA contained in a 40 pl of the preparation corresponded to that contained in 80-100 pg of the original PHA-P preparation.
Histology
At 6 and 14 days after the injection, mice were sacrificed three or four at a time from each group. In some cases, additional sacrifices were carried out at 8-10 days. Popliteal lymph nodes on both sides were removed, cleared from the surrounding fat and weighed. The lymph node on the right side served as the control. Most lymph nodes were fixed for 3 hrs in Zenker-formol solution, but some were fixed for 2-3 days with buffered 10% formalin.
The specimens were then dehydrated and embedded in JB-4 resin. Serial sections, cut at a thickness of 3 pm, were prepared from Zenker-formolfixed material and stained with May-Grunwald and Giemsa solutions.
Two series of serial sections were prepared from formalin-fixed specimens.
One series received May-Grunwald and Giemsa staining while the other was impregnated with silver according to a modification of Bielschowsky's technique.
Each nodal section was examined by light microscopy in order to verify the presence of lymph follicles and germinal centers.
Each follicle or germinal center encountered in the section was identified with a reference number and traced threedimensionally in subsequent sections. This reconstruction technique enabled us to determine the total number of lymph follicles and germinal centers in each node.
RESULTS
Effect of antigenic substances dissolved or suspended in saline
The changes observed in the number of lymph follicles and germinal centers in ipsilateral and contralateral popliteal lymph nodes at different intervals after treatment with the test substances are summarized in Table 1 . Following footpad injection of antigenic materials, ipsilateral popliteal nodes showed various degrees of enlargement and weight increase, depending on the materials injected and their doses, while contralateral nodes ramained virtually unchanged in size and weight, maintaining a weight of around 0.7 mg. The relative weight of ipsilateral nodes to contralateral nodes at intervals after the injection is also illustrated in Table 1 . In mice given an injection of saline alone, no recognizable difference in morphology was noted between popliteal nodes on the injected and uninjected side at 14 days after the injection. The popliteal node on either side exhibited 9-12 lymph follicles with only occasional germinal centers. In May-Grunwald and Giemsa-stained sections, lymph follicles were readily distinguishable from the surrounding extrafollicular Four lymph follicles (1-4) devoid of germinal centers can be seen in the superficial cortex of the node. Fig. 2 . A popliteal node at 14 days after injection of 10 Lf of tetanus toxoid. Four follicles containing germinal centers can be seen in the superficial cortex of the node. Fig. 3 . A popliteal node at 6 days after injection of Mpg of KLH. Note that each of four follicles located in the superficial cortex is markedly expanded and contains a germinal center. Fig. 4 . A popliteal node at 14 days after injection of 100,ag of KLH. Nine follicles (1-9) can be seen at the periphery of the node. Examination of serial sections demonstrated that all the follicles shown in this figure contained germinal centers.
H. HosHI et al.: tissue, being much denser in cellularity (Fig. 1) . In silver-impregnated sections, they were observed as round or oval structures with relatively sparse argyrophil fibers. A small number of plasma cells were scattered in the medullary region.
Thymus-independent antigens
After footpad injection of tetanus toxoid at a dose of 2 or 10 Lf, ipsilateral nodes showed slight enlargement at 6 days. Lymph follicles had expanded, and germinal centers had developed in the basal portion of several lymph follicles. At 14 days germinal centers became prominent in these secondary follicles (Fig. 2) . At 6 days plasma cells were frequent in the medullary region but these cells were diminished in number and returned to a normal level by 14 days. At both 6 and 14 days, the total number of lymph follicles in the ipsilateral node was almost the same as that in the contralateral node.
After footpad injection of 10 or 100 tcg of KLH, all ipsilateral nodes showed mild enlargement at 6 days. Lymph follicles had expanded and almost all of the follicles contained germinal centers (Fig. 3) . Small lymphocytes tended to accumulate in the uppermost layer of the superficial cortex occupying the extrafollicular zone. Plasma cells were numerous in the medullary region. The total number of lymph follicles per node was within the nomal range. In the following days ipsilateral nodes developed "new" lymph follicles in the superficial cortex occupying the space between the expanded follicles. These "new" follicles were first apparent as nodular accumulations of small lymphocytes in the superficial cortex, which soon developed germinal centers in the basal portion of their structure.
At 14 days, almost every follicle contained a prominent germinal center (Fig. 4) . The total number of lymph follicles in the node was more than twice that in the contralateral node. Plasma cells remained numerous in the medullary region.
At doses of 10 to 100 pg, PVP and levan produced no recognizable increase in the number of germinal centers and plasma cells in the draining node. The number of lymph follicles per node remained unchanged throughout the 14-day period of observation.
After the injection of a 100 pg dose of ferritin, draining nodes showed no significant change in morphology, except for mild enlargement of the deep cortex at 6 days. Germinal centers were occasional and plasma cells were sporadic in number. During the following days, germinal centers developed within some follicles in both contralateral and ipsilateral nodes. Meanwhile, ipsilateral nodes produced "new" lymph follicles in the form of primary follicles (Fig. 5, 7) . As a consequence, by 14 days the total number of lymph follicles in the node had become significantly larger than the number of follicles in the contralateral node.
Using a 10 pg dose of f erritin, draining nodes showed no noticeable increase in the number of germinal centers and lymph follicles. Draining nodes treated with 100 pg of ferritin, however, produced "new" primary follicles by 14 days. Some uncertainty remained, though, as to whether the structures identified in ferritin-treated nodes were acutually new primary follicles or merely accidental accumulations of small lymphocytes. In a further experiment, therefore, a group of mice receiving a 100 pg dose of ferritin on day 0 were given an injection of 100 pg of the PHA-P dissolved in saline into the left rear footpad on day 14, and were killed on day 28. As reported previously (HosHI et al., 1984) , a local injection of PHA induces germinal centers in almost every existing primary follicle of the draining node without producing new follicles in the node. In animals receiving ferritin followed by PHA injection, almost all lymph fol- Six follicles (1-6) can be seen in the superficial cortex. Follicles 2, 5 and 6 contained germinal centers, whereas follicles 1, 3 and 4 did not. x 27 Fig. 6 . A popliteal node from a mouse which was injected with 100;eg of ferritin on day 0, given a footpad injection of 1001eg of PHA on clay 14, and killed on day 28. Examination of serial sections demonstrated that all seven follicles (1-7) seen in this figure contained germinal centers. x 27 Fig. 7 . Portion of a popliteal node at 14 days after injection of ferritin, showing a primary follicle devoid of the germinal center. x 110 Fig. 8 . Portion of a popliteal node from a mouse which received ferritin followed by PHA injection and was killed on day 28, showing a secondary follicle with a prominent germinal center. licles contained germinal centers, the total number of follicles in the ipsilateral node being significantly larger than in the contralateral node (Fig. 6, 8 ). These observations confirmed the above finding that a single injection of 100 ~g of ferritin produces in the draining node a significant number of new primary follicles that are capable of developing germinal centers in response to appropriate antigens.
Thymus-dependent antigens
The changes observed in draining nodes due to HGG and diphtheria toxoid were identical with those produced by tetanus toxoid, i.e., slight enlargement of the nodes and mild plasmacytosis in the medullary region. Germinal centers developed in many lymph follicles but the total number of follicles per node remained within the normal range throughout the observation period. After the injection of 1 x 108 SRBC into the left footpad, draining nodes showed moderate enlargement at 6 days. The medullary region was populated with numerous Table 2 . Numbers of lymph follicles per whole popliteal node at different intervals after injection of artificially aggregated substances into the left hind footpad of mice 1) Three animals were examined .
2) Mean ± SD. 3) The numbers in parentheses indicate the mean number of secondary follicles per node . * The number of follicles per node on the left side was significantly different (p(0 .05; t test) from that in the node on the right side.
plasma cells. Lymph follicles were expanded and contained germinal centers. The number of follicles in the node was comparable to that of the contralateral node. During the following days "new" lymph follicles were formed and by 14 days, the total number of follicles in the draining node became significantly larger than in the contralateral node. Almost every follicle contained a prominent germinal center. A dose of 1 x 107 SRBC produced no significant increase in the number of lymph follicles in the draining node.
Other antigens
The changes observed in draining nodes treated with MGG and influenza HA vaccine were basically identical to those treated with HGG, or tetanus toxoid, and a description will therefore not be repeated here.
After footpad injection of 5 x 108 pertussis organisms, all ipsilateral nodes showed considerable enlargement.
At 6 days, lymph follicles were expanded and contained developing germinal centers at their medullary pole. A certain number of relatively small primary follicles devoid of germinal centers were also seen in the superficial cortex between the expanded follicles. These primary follicles were thought to represent newly formed follicles. During the following days, the draining node continued to form new follicles and by 14 days, the total number of lymph follicles per node became nearly twice that of the contralateral counterpart.
At this stage every follicle contained a prominent germinal center. On days 6 and 8, medullary cords were thickened and populated with massive numbers of plasma cells, but by 14 days, these plasma cells had largely disappeared from the medullary region.
Effect of artificially aggregated substances Table 2 summarizes the changes occurring in the number of lymph follicles and germinal centers in right and left popliteal nodes at different times after injection of the test substances into the left hind footpad.
Animals treated with heat-aggregated HGG and those with PHA-glutaraldehyde produced germinal centers in association with lymph follicles and slight plasmacytosis in the medullary region of the draining node, but failed to produce "new" lymph follicles (Fig. 9) . The number of follicles per node ramained within the normal range throughout the observation period. After the injection of alum-precipitated PHA, each draining node showed considerable enlargement at 6 days. Lymph follicles had expanded and developed germinal centers. Plasma cells were frequent in the medullary region. During the following days, "new" follicles were formed in the superficial cortex, and many of the follicles soon developed germinal centers.
At 14 days the total number of follicles including these secondary follicles was approximately twice that of the contralateral node (Fig.  12) .
The lymph node changes due to alum-precipitated HGG, alum-precipitated diphtheria and tetanus toxoids, "Sepharose"-HGG and "Sepharose"-PHA were to a similar or lesser extent identical with those produced by alum-precipitated PHA. All draining nodes treated with these precipitated proteins showed a significant increase in the number of lymph follicles and germinal centers at 14 days after the treatment (Fig. 11) .
Mice treated with precipitated levan showed a slight increase in the number of lymph follicles in draining nodes, but this increase was not statistically significant.
Animals injected with either alumina alone or "Sepharose" beads alone produced several germinal centers in association with lymph follicles in the draining node by 14 9 10 11 12 Fig. 9-12 . Sections through the middle of popliteal lymph nodes taken from the injected side. x 27. Fig. 9 . A popliteal node at 14 days after injection of heataggregated HGG, showing five lymph follicles (1-5) in the superficial cortex. Fig. 10 . A popliteal node at 14 days after injection of alumina alone. Five follicles (1-5) can be seen in the superficial cortex of the node. Fig. 11 . A popliteal node at 14 days after injection of alum-precipitated IIGG. Seven follicles (1-7) can be seen at the periphery of the node. Fig. 12 . A popliteal node at 14 days after injection of alum-precipitated PHA, showing eight follicles (1-8) at the periphery of the node.
days. There was no change in the number of lymph follicles per node during the 14-day period of observation ( Fig. 10) .
DISCUSSION
In the initial series of experiments in this study, mice were injected in the left rear footpad with any one of the test substances. On the basis of the morphological changes produced in draining popliteal lymph nodes, it was possible to classify the substances tested into four categories (Table 3) : 1) PVP and levan, both known to be thymusindependent antigens (ANDERSSON and BLOMGREN, 1971; MIRANDA, 1972; WEISSMAN et al., 1976) , induced neither recognizable plasma cell reaction nor germinal center development in draining nodes. Judging from the histological changes observed, PVP and levan do not appear to be very immunogenic, and failed to stimulate the formation of new lymph follicles. 2) HGG, MGG, diphtheria toxoid, tetanus toxoid and influenza HA vaccine. All these protein antigens induced germinal centers in association with existing follicles, but failed to produce new follicles. Slight to moderate plasmacytosis was uniformly observed in the medullary region of draining popliteal nodes. 3) KLH, SRBC and pertussis organisms.
These substances induced germinal centers in almost every existing follicle, and also produced a significant number of "new" follicles which secondarily developed germinal centers.
Moderate to intense plasmacytosis in the medullary region was also produced. 4) Ferritin, which induced no noticeable increase in the number of germinal centers and plasma cells. However, the draining node produced a significant number of "new" follicles in the form of primary follicles in the superficial cortex outside existing follicles.
We previously predicted that antigenic materials which are capable of inducing germinal centers in lymph follicles may not have an equal capacity to stimulate the formation of new lymph follicles (HOSHI et al., 1984) . The results of the present experiments confirm this prediction.
Although the number of antigenic substances we have tested thus far is not exhaustive, some generalization may be made about those which effectively stimulate the formation of lymph follicles and those which do not. Effective follicle formation appears to be associated with particulate or high-molecularweight antigens, whereas antigens that are ineffective tend to be soluble substances. Thymic dependency apears to be irrelevant.
Formation of new follicles in the lym- phoid organs induced by treatment with antigenic materials has been described by some authors, and interestingly, the stimulants used by these authors belong to particulate antigens, i.e., B. pyocyaneus (SJOVALL and SJOVALL, 1930) , Staphylococci (RUDEBECK, 1932) and B. monocytogenes (CONWAY,1937) .
Particulate and high-molecular-weight antigens are thought to be extensively phagocytized by macrophages in the draining lymph node when locally introduced, whereas soluble proteins are poorly phagocytized (UNANUE and CExxoTINI, 1970) . It seems that in order for a given antigenic substance to elicit efficient follicle formation, its uptake by macrophages may be necessary.
If this were correct, soluble substances found to be ineffective would be capable of stimulating the formation of lymph follicles if given in a highly phagocytized form, that is, in aggregated or precipitated form. The second series of experiments was designed to test this possibility.
Soluble antigens, such as HGG, PHA, diphtheria and tetanus toxoids and levan, were each absorbed onto gelatinous alumina, and the formation of new lymph follicles in draining popliteal nodes induced with these precipitated substances was examined.
In addition, HGG and PHA were coupled with "Sepharose" beads and the effect of these insolubilized proteins was also tested. As expected, all animals treated with the precipitated antigens except for those given precipitated levan produced a significant number of "new" lymph follicles. Injection of alumina alone or "Sepharose" beads alone, though inducing some germinal centers in existing follicles, did not produce new lymph follicles. The results thus support the assumption that efficient follicle formation may be elicited by antigenic substances which are actively phagocytized.
Animals treated with precipitated levan ultimately failed to produce new follicles.
Similarly, the injection of heataggregated HGG and PHA insolubilized with glutaraldehyde did not produce new follicles in the draining node. These observation indicate that not all substances that are liable to be phagocytized are efficient, and that the physicochemical character of the phagocytized substance is decisive in causing follicle formation.
A further point which may warrant discussion is the effect of injected ferritin on the draining node, where the substance produced no noticeable increase in the number of germinal centers and plasma cells. Judging from these histological observations, ferritin does not appear to be very immunogenic. Nonetheless, the popliteal node treated with this substance produced a significant number of "new" lymph follicles in the form of primary follicles, so it is possible that immunogenicity per se may not be an essential prerequisite for causing follicle formation.
To summarize, efficient follicle formation appears to be associated with particulate and high-molecular-weight antigens which are extensively phagocytized, whereas antigens that are inefficient tend to be soluble, poorly phagocytized substances.
Soluble proteins may be effective if given in precipitated form. Thymic dependency appears to be irrelevant.
The results of the present study point to a possible participation of macrophages in the mechanism of follicle formation.
